Mechanisms for initiation of glomerular fibrin deposition were studied using renal tissue obtained from two patients with rapidly progressive, crescentic glomerulonephritis. Histological examination showed extensive glomerular monocyte infiltration and fibrin deposition in both patients. Sonicated cell suspensions of isolated glomeruli from these patients contained markedly augmented levels of procoagulant activity (PCA) compared with the levels found in normal glomeruli. This PCA was characterized as tissue factor by its functional dependence on Factors VII and V, independence of Factors VIII and XII, inhibition by concanavalin A and phospholipase C, and association with cell membranes. Its coagulant activity was also inhibited by a specific monoclonal anti-human tissue factor antibody. Tissue factor could be identified in glomeruli from these two patients by indirect immunofluorescence using this antibody. These studies implicate extrinsic pathway activation via tissue factor in intraglomerular deposition of fibrin in these patients. Activated monocytes, known to be a potent source of procoagulant activity and seen in large numbers within glomeruli from these patients, are a likely source of this tissue factor.
Introduction
Fibrin is a prominent mediator of injury in proliferative forms of human glomerulonephritis (GN)' (1, 2) . However, the mechanisms of glomerular fibrin deposition are unknown. Studies in experimental GN have provided some insights into this problem. Rats congenitally deficient in plasma prekallikrein and high molecular weight kininogen show no impairment ofglomerular fibrin deposition associated with crescentic anti-glomerular basement membrane antibody induced GN (anti-GBM GN) (3) . Further, in rabbits developing anti-GBM GN, Hageman Factor was not deposited with fibrin in the glomerular tuft, although passive leakage of Hageman Factor into Bowman's space could be identified (4) . These studies suggest lack of involvement of contact activation ofthe intrin-sic coagulation pathway in glomerular fibrin deposition in animals.
Experimental studies have demonstrated macrophage dependent glomerular fibrin deposition (5) and augmented glomerular procoagulant activity (PCA) (6) (7) (8) in anti-GBM GN in rabbits. Small amounts of tissue factor are present in the renal cortex of normal rabbits (9) and normal rat glomeruli also contain PCA with the functional properties oftissue factor (10) . Rabbits developing anti-GBM GN were found to have augmented glomerular PCA ofa complex nature, which varied as the disease progressed (7) . Other studies have described increased glomerular PCA with the functional characteristics of tissue factor, in various macrophage-dependent models of rabbit GN (6, 8) .
There is less known about the mechanisms of glomerular fibrin deposition in human GN. Hoyer et al. (1 1) found glomerular fibrin deposition in association with von Willebrand factor (vWF) in patients with hyperacute renal homograft rejection, hemolytic uremic syndrome and postpartum renal failure, however in patients with severe proliferative GN with crescents, glomerular fibrin deposition was seen in the absence of vWF. This suggested different mechanisms of fibrin deposition may be involved. Proliferative crescentic GN is now known to be associated with prominent glomerular macrophage infiltration (12) (13) (14) (15) .
Monocytes and tissue macrophages express a membrane bound procoagulant activity with the functional characteristics of tissue factor (16) (17) (18) (19) (20) . Its expression is augmented by various stimuli (16, (21) (22) (23) (24) (25) . Circulating monocytes from patients with lupus nephritis express markedly augmented PCA with prothrombinase properties (26) . In experimental GN, a close temporal relationship between glomerular macrophage infiltration and fibrin deposition was observed, in association with markedly augmented levels of glomerular PCA (6) . Macrophage depletion and repletion studies have demonstrated that both glomerular fibrin deposition and augmented glomerular PCA are dependent on the presence of glomerular macrophages (5) .
Functional studies of the quantity and nature of PCA in glomeruli from patients with proliferative GN have not previously been reported. The availability of tissue from two patients with rapidly progressive crescentic GN, who died from respiratory failure within a few days of diagnosis and before receiving substantial immunosuppressant therapy, provided a unique opportunity to study glomerular PCA in human GN.
spite these measures together with prednisolone 3 g, cyclophosphamide 655 mg, and plasma exchange of 10 liters, she died ofrespiratory failure 72 h later. Renal tissue obtained at postmortem revealed a proliferative, crescentic GN, with linear basement membrane deposition of IgG, confirming the diagnosis of anti-GBM antibody mediated Goodpasture's syndrome.
Patient 2 was an 8 1-yr-old man who presented with pleuritic chest pain and cough. His chest x-ray revealed diffuse pulmonary infiltrates and urine analysis demonstrated proteinuria of 1.5 g/24 h, hematuria, and granular casts. In hospital, his creatinine progressively rose from 180 Mm/liter on admission to a peak of 960 Mmol/liter. A renal biopsy demonstrated a crescentric GN with granular mesangial deposition of immunoglobulin within glomeruli, suggesting immune complex initiated GN. Treatment with prednisolone 0.5 g and cyclophosphamide 150 mg was commenced but the patient died unexpectedly 24 h later.
Renal F VIII C Ag. A specific mouse monoclonal anti-human F VIII C Ag antiserum (RPAH 24-2-C7, Dr. D. Joshua, Sydney, Australia) was used to stain for F VIII C Ag by indirect immunofluorescence as previously described (27) . The second antibody (fluorescein conjugated sheep anti-mouse IgG, Silenus Laboratories, Ferntree Gully, Victoria) was absorbed against human red blood cells immediately before use. Fresh frozen human liver tissue was used as a positive control.
Tissue factor (TF). Staining for TF was performed with a specific mouse monoclonal anti-human TF antibody (HTF1-7B8, Dr. S. Carson, Denver, CO). This antibody has been previously characterized and shown to inhibit the functional activity of human TF (28) . The second antibody was used as described for F VIII C Ag. Glomerular macrophages were demonstrated by nonspecific esterase staining of4-Mm frozen cut tissue sections according to the method ofYam (29) . Infiltrating glomerular mononuclear cells were also identified by electronmicroscopy in 2.5% gluteraldehyde fixed, araldite embedded tissue. Ultra-thin sections were stained with uranyl acetate and lead citrate and viewed in an electronmicroscope Philips 300; Philips Electronic Instruments, Inc., Mahwah, NJ at an accelerating voltage of 80 kV.
Immunoglobulin and complement
Staining for IgG, IgA, IgM, C3, Clq, and C4 was performed on 4-Mm sections of frozen tissue by routine direct immunofluorescence, using polyclonal, rabbit anti-human antisera.
Measurement ofglomerular PCA
The graded sieving technique (6, 12) was used to prepare isolated glomeruli from the postmortem cortical renal tissue. Glomerular preparations were washed in PBS and purity ofthe preparation and number of glomeruli was checked by phase-contrast microscopy. Preparations were adjusted to a concentration of I04 glomeruli/ml of PBS, and stored at -20'C. Glomeruli were disrupted by sonication before assay (X10, 1 s bursts) using a sonifier cell disruptor (B30; Branson Sonic Power Co., Danbury, CT) to form glomerular lysates. PCA was assayed using a standard one stage clotting assay (5, 6, 8) . Glomerular lysate (100 ,l) was prewarmed at 370C for 3 min, together with 100 Ml of 0.025 M calcium chloride, in 76 X 9 mm polystyrene tubes. Citrated normal human plasma (Citrol level 1 control; Dade Diagnostics, Aguada, Puerto Rico) (100 Ml), prewarmed to 370C, was then forcibly added and the clotting time determined by the manual tilt method. All lysates were assayed in triplicate and diluted 1 in 10 where necessary. A value for the PCA was derived by comparison ofthe clotting times with the coagulant activity of standard rabbit thromboplastin (Sigma Chemical Co.). 100 Ml ofstandard was assigned a value of 1,000 mU of PCA. The activity of the standard was assayed in triplicate and was found to be linear on a log/log plot of clotting time against units of PCA over the range from 0.1 mU to 100 mU. The PCA of glomerular lysates was expressed as mU/ I03 glomeruli.
To determine the concentration ofPCA per milligram ofprotein in purified glomeruli and whole cortical tissue; homogenates of these tissues were extensively sonicated to totally disrupt tissue architecture, (confirmed by phase-contrast microscopy). The PCA content of these homogenates was assayed as previously described, and the protein content determined by the Lowry method (30) . Glomerular assays were performed in duplicate and four separate cortical samples were assayed from each patient.
Although the graded sieving technique allows purification of glomeruli from cortex, cortical tissue free of glomeruli could not be obtained from these frozen tissues by this or any other technique. Therefore, the number of glomeruli per milligram of cortical tissue was determined by counting glomeruli in hematoxylin and eosin-stained serial sections of cortical tissue of known weight. These estimations were performed on three separate pieces oftissue for each patient, and allowances for their glomerular content were made when determining the PCA of cortical tissue.
Characterization ofglomerular PCA Factor-deficient plasma. Factor-deficient human plasmas were used to determine the factor dependency of the glomerular PCA. The following reconstituted lyophilized plasmas were used: (a) Congenital Factor VII-deficient plasma (Factor VII activity < 2% of normal human levels). (b) Congenital Factor VIII deficient plasma, General Diagnostics, Morris Plains, NJ. (c) Aged Factor V-deficient plasma from Sigma Chemical Co. (Factor V activity < 1% of normal human plasma). (d) Congenital Factor XII-deficient plasma (General Diagnostics). Glomerular lysates were assayed for PCA in these factor-deficient sera using the manual tilt method as previously described, and the result compared to the activity in normal human plasma (Citrol).
Effect of concanavalin A. Glomerular lysates (100 Ml) were incubated before assay with concanavalin A, (Pharmacia Fine Chemicals, Uppsala, Sweden) 100 Mg in 100 MlI of 0.9% saline for 30 min at 20'C.
Incubations were also performed with concanavalin A in the presence of 100-fold excess (by weight) ofa-methyl-D-mannoside (Sigma Chemical Co.). Controls, incubated with saline alone, were included. Effect ofphospholipase C. Phospholipase C type III from Bacillus cereus (Sigma Chemical Co.) (1 U/ml) was dissolved in veronal saline buffer containing 1.0 mM ZnS04. Glomerular lysates (100 Ml) were incubated with phospholipase C (100 Ml) or buffer alone at 370C for 15 min before assay of PCA.
Ultracentrifugation of glomerular lysates. Pooled sonicated glomerular lysates were spun at 165,000 g for 1 h at 4VC in an ultracentrifuge (Sorvall, Norwalk, CT). The resultant pellet was reconstituted to its original volume with PBS; and both the pellet and the supernatant were assayed for PCA. The PCA recovered in each fraction was compared with the PCA of the original lysate.
Immunological inhibition studies
Functional inhibition studies were performed using the monoclonal anti-human TF antibody (HTFl -7B8) and the anti-human F VIII C Ag antiserum (RPAH 24-2-C7). Glomerular lysates (100 ul) from both patients were preincubated with serial dilutions of either antibody (10 Al), an irrelevant mouse monoclonal antibody (10 Ml) or PBS (10 Al) for 30 min at 210C before assay for PCA as previously described. All incubations and assays were performed in triplicate.
Results

Histological assessment
Light microscopy revealed a crescentic GN involving 100% of glomeruli in patient 1 with a sparse interstitial mononuclear cell infiltrate (Fig. 1 a) . Nonspecific esterase demonstrated prominent glomerular staining consistent with the presence of glomeruli in patient 1 with a sparse interstitial mononuclear cells (Fig. 1 b) (Fig. 1 c) , and positive glomerular staining for TF was observed to a dilution of 1:160 of the anti-TF antibody (Fig. 1  d) . Other renal structures were not stained. Staining for vWF was positive in some intrarenal vessel walls but glomerular staining was no different from that seen in normal tissues. Staining for F VIII C Ag was positive in normal human liver, but could not be detected in any renal structures.
A diffuse proliferative GN with 70% crescent formation and some interstitial mononuclear cell infiltrate was seen in patient 2 (Fig. 2 a) . Nonspecific esterase staining indicated that monocytes (mean, eight cells per glomerular cross-section) were present within glomerular capillary loops (Fig. 2 b) , and were sparsely present within the interstitium. Cells with the typical ultrastructural appearances of macrophages were prominent within capillary loops and crescents. loops, and faint staining for IgA or IgM. Staining for C3 was positive in a similar distribution to IgG. Clq and C4 were both negative. F R Ag was prominent in capillary loops of most glomeruli (Fig. 2 c) , and specific glomerular TF staining was positive to a titer of 1:80, (Fig. 2 d) . vWF and F VIII C Ag could not be demonstrated in glomeruli by immunofluorescence. Positive glomerular staining for TF was seen in normal renal tissues and was positive to an end point titer of 1:20 of the anti-TF antibody.
Glomerular PCA Glomerular PCA levels. Fig. 3 shows glomerular lysates from both patients with GN contained augmented levels of PCA; patient 1, 220 mU/103 glomeruli; patient 2, 10 mU/103 glomeruli) compared to glomerular lysates of normal human kidneys. (PCA, 0.2±0.03 mU/103 glomeruli; mean±SEM).
Glomerular and cortical tissue PCA concentrations. The PCA content of whole cortical tissue from patient 1 was 4.0 mU/mg, and this tissue contained 17 glomeruli/mg by histological assessment. Therefore, after allowance for the glomerular PCA contribution (17 glomeruli/mg, 0.22 mU PCA/glomerulus), the nonglomerular cortical tissue PCA was estimated to be 0.3 mU/mg. Purified glomeruli from patient 1 contained 42.4 mU/mg of PCA, indicating that PCA was 140 times more concentrated in glomeruli than in other cortical structures. Similarly with patient 2, the PCA of whole cortex (10 glomeruli/mg) was 0.34 mU/mg, giving a specific nonglomerular PCA concentration of0.24 mU/mg. The PCA ofpurified glomeruli this patient was 12.8 mU/mg, i.e., 53 times more concentrated than nonglomerular cortical tissue. Normal cortical tissue contained < 0.01 mU/mg of PCA.
Characterization ofglomerular PCA PCA in factor-deficient plasma. The results for glomerular PCA assayed in normal and congenital factor deficient plasmas are shown in Table I . Glomerular lysates from both normal and nephritic kidneys showed marked dependence on Factors V and VII for expression of their functional activity. PCA in Factor V-deficient plasma was < 0.1% of the activity in normal plasma, and in Factor VII-deficient plasma, PCA ranged from 5 to 0.1% of normal. Deficiency of Factors VIII and XII did not diminish the expression ofglomerular PCA in either normal or nephritic glomeruli.
Effect ofconcanavalin A. In Table II concanavalin A inhib- Incubation with anti-F VIII C Ag antiserum or an irrelevant mouse monoclonal antibody caused no inhibition of glomerular PCA activity. ited the expression ofPCA in all glomerular lysates to a similar extent to its ability to inhibit standard rabbit brain thromboplastin; patient 1, 77% inhibition; patient 2, 89% inhibition; controls, 83±3% inhibition. This inhibition was abolished by preincubation in concanavalin A together with a-methyl mannoside.
Discussion
Effect ofphospholipase C. Preincubation with phospholipase C completely abolished the expression of PCA in glomerular lysates, in both nephritic and normal glomeruli (Table II) . (All tubes failed to clot after 500 s).
Ultracentrifugation ofglomerular lysates. After ultracentrifugation, the PCA of glomerular lysates was recovered in the cell membrane pellet; patient 1, 88%; patient 2, 80%; controls, 85±5%. Measurable amounts of PCA were not detectable in the supernatant fraction (PCA < 1% oforiginal activity in each case).
Immunological inhibition ofglomerular PCA Incubation with anti-TF antibody markedly inhibited the functional expression of PCA in glomerular lysates from both patients (Fig. 4) . In patient 1, 12 ng of antibody caused 43% inhibition, and 120 ng resulted in 90% inhibition of glomerular PCA activity. In patient 2, 12 ng caused 63% inhibition and 120 ng 90% inhibition of glomerular PCA activity. Prominent glomerular fibrin deposition is seen in the most aggressive forms of human GN, particularly in crescentic GN (1, 2) . Fibrin appears to be an important mediator of injury in that its deposition parallels the development of crescents and renal failure and defibrination of experimental animals preserves renal function (31, 32) . The pathogenic mechanisms responsible for glomerular fibrin deposition are unknown. Platelets do not appear to a prominent participant in human GN (33) . Intrinsic coagulation pathway activation via tissue factor expressed on macrophage surface membranes (macrophage PCA) is a potent stimulus for fibrin formation at inflammatory sites (34, 35) . The ability of macrophages to initiate glomerular fibrin deposition has been demonstrated in an experimental model ofanti-GBM GN (5) . Augmented glomerular PCA with the functional characteristics of tissue factor is associated with glomerular macrophage infiltration and fibrin deposition in experimental macrophage dependent models of GN, but has never previously been demonstrated in human GN.
The current studies clearly demonstrate the presence of augmented PCA with the functional and immunological characteristics of macrophage PCA (tissue factor) in glomeruli from two patients with crescentic GN. Low levels of tissue factor were present in normal glomeruli. Histological studies of renal tissue from both these patients revealed a prominent mononuclear cell infiltrate, glomerular fibrin deposition, and enhanced tissue factor staining in glomeruli. Glomerular vWF and F VIII C Ag could not be demonstrated by immunofluorescence. These findings are consistent with glomerular fibrin deposition initiated by activation of the extrinsic pathway.
Augmentation of glomerular PCA compared to normal was 1,000-fold in patient 1 with 100% of glomeruli with crescents, and 50-fold in patient 2, who had histologically fewer glomerular macrophages. These patients appeared to have dif- Glomerular PCA was inhibited by concanavalin A, and the specific nature of this inhibition was confirmed by the ability of the conjugate sugar a-methyl-mannoside to block this effect. This is also consistent with tissue factor, a membrane bound glycoprotein (19) that is functionally inhibited when bound to concanavalin A (36, 37) .
Close association with certain membrane phospholipids is also essential for the functional activity of tissue factor. This explains the ability of phospholipase C to destroy its activity (38) . The functional activity of glomerular PCA was also completely destroyed after incubation with phospholipase C. The coagulant activity of glomerular PCA was found in the cell membrane fraction after sonication and ultracentrifugation. These studies are also consistent with glomerular PCA being tissue factor. Finally, the functional inhibition of glomerular PCA by a specific monoclonal anti-tissue factor antibody provides clear evidence that augmented glomerular PCA in these patients is tissue factor.
Macrophages, known to be a potent source of tissue factor were prominent in the glomerular lesions of both these patients. They are the most likely source for the augmented PCA. Other inflammatory cells such as neutrophils and lymphocytes do not express PCA (16, 17) . Intrinsic glomerular cells have not been shown to express PCA, although under certain culture conditions endothelial cells may express low levels of tissue factor that can be augmented by interleukin 1 (39, 40) . Therefore, the potential exists for macrophages to also augment glomerular PCA by the effects of interleukin 1 on glomerular endothelial cells.
In summary, two patients with proliferative, crescentic GN and prominent intraglomerular fibrin deposition were shown to have augmented PCA with the functional and immunological characteristics of tissue factor. Macrophages, abundantly present in these glomerular lesions, are a likely source of this augmented tissue factor. This suggests that glomerular fibrin deposition in human proliferative GN may be due to extrinsic pathway activation by macrophage tissue factor, and would be consistent with macrophage-dependent glomerular fibrin deposition observed in experimental GN.
